Direct sequencing of mitochondrial DNA (mtDNA) following amplification using the polymerase chain reaction (PCR) [1] has found widespread use in population genetic and phylogenetic research over the past few years. Recently, nuclear copies of mitochondrial genes have been reported in diverse eukaryotic species, often confounding such research (reviewed in [2,3]). Under certain circumstances, nuclear pseudogenes can be amplified more efficiently than the intended mtDNA target, even when using as template mtDNA that has been purified by gradient centrifugation [4] . If the transfer of the gene copy to the nucleus happened recently, it can be difficult -if not impossible -to identify the legitimate mitochondrial sequence. Here, we present a simple method that can identify expressed mitochondrial genes, using the cytochrome b gene of the particularly problematical proboscis monkey as an example. Because mtDNA is transcribed and processed into polyadenylated mRNAs [5,6], reverse transcription coupled to PCR can be used to amplify the expressed mitochondrial version. This method produced an unambiguous sequence for the proboscis monkey mitochondrial cytochrome b gene; in contrast, traditional DNA-based PCR methods produced ambiguous sequence, because many nuclear pseudogenes were present. Phylogenetic analysis of the cytochrome b gene suggests that the proboscis monkey groups with the Asian langurs, rather than forming a sister taxon to all Asian and African colobines as was previously suggested [7] . Reverse transcriptase-coupled PCR should be applicable to many other cases of nuclear transfer of mtDNA, including those involving ribosomal genes.
Amplification of the proboscis monkey cytochrome b gene, using PCR with primers flanking the gene, produced a single band on agarose gels. Direct sequencing of this PCR product produced 'dirty' DNA sequence, with multiple bases at many positions (similar to that shown in Fig. 1a) . The full-length PCR product was cloned, and multiple clones were partially sequenced. Numerous different cytochrome b-like sequences were thus identified; many of them were clearly pseudogenes, as they contained frameshift and nonsense mutations (data not shown). Phylogenetic analysis (data not shown) suggests that these nuclear pseudogenes represent fairly ancient transfer events. However, two rather divergent clones seemed to be capable of encoding a functional cytochrome b proteinthat is, the putative genes contained no frameshift mutations, stop codons, or unlikely amino-acid replacements. These two clones were completely sequenced in both directions; they are 86 % identical at the nucleotide level.
To identify which of these two clones encodes the expressed mitochondrial cytochrome b gene of proboscis monkey, we prepared total RNA from frozen tissue. Reverse transcriptase (RT) was used to make cDNA from this RNA, and the cDNA used as a target for PCR with primers that equally matched the two suspect clones. Direct sequencing of the resulting PCR product gave a completely clean DNA sequence (as shown in Fig. 1b) , which identically matched one of the clones. In contrast, traditional PCR using the same primers and cellular DNA prepared from the same tissue resulted in dirty sequence (as shown in Fig. 1a ). As it is unlikely that a nuclear copy of a mtDNA gene would be transcribed (see below), we conclude that the clone which matched the RT-PCR product from proboscis monkey represents its legitimate mitochondrial cytochrome b gene.
In order to understand the evolution of the full-length pseudogene, we performed many phylogenetic analyses. Our key findings are illustrated by the simple evolutionary tree shown in Figure 2 . The expressed mitochondrial cytochrome b gene from proboscis monkey was always found to branch with the Asian langurs, rather than as a sister taxa to the Asian langurs and African colobus monkeys (as hypothesized by Groves [7] ). The pseudogene sequence attaches to the tree along the Asian lineage, prior to the divergence of the proboscis monkey from the Chinese golden monkey, suggesting that this particular nuclear transfer event happened then. All trees that were constructed using both the expressed and nuclear copies show a much shorter reconstructed branch length for the pseudogene compared to the mitochondrial genes, as illustrated in Figure 2 . Relative rate tests [8] using other Old World monkey cytochrome b genes as outgroups show the pseudogene to have evolved significantly more slowly than the expressed mitochondrial sequence (data not shown). In addition, the pseudogene sequence is more similar to the reconstructed langur ancestral sequence than to any of the extant cytochrome b sequences (data not shown). These analyses support the slower rate of evolution of nuclear pseudogenes compared with mtDNA [2] [3] [4] .
Phylogenetic and distance analyses, such as those described above, can be used as indirect evidence to differentiate mitochondrial genes from their nuclear pseudogenes [3] but cannot do so unequivocally. By contrast, RT-PCR is a direct method that can quickly identify transcribed genes. The high percentage of mitochondrially encoded clones found in cDNA libraries (1-16 %, depending on tissue and method of preparation; G. C. Kennedy, personal communication), suggests that mitochondrial transcripts are present at high levels in most cells. If so, primers that match mtDNA should readily amplify the mitochondrial cDNA, as we have shown here for cytochrome b.
Although it is possible that nuclear copies of mitochondrial genes can be transcribed, this is unlikely to be a major problem for this method, for the following reasons. First, only a small percentage of the nuclear genome is transcribed in most eukaryotes, so it is most likely that mtDNA would insert into untranscribed regions and become pseudogenes [9] . Second, although fairly short regions (median size 117 base-pairs) of organelle-type sequences have been found in the introns of a few plant genes [10] , such sequences are removed during processing of the transcript. Third, an insertion of mtDNA into an exon would be likely to disrupt cellular function, in which case selection would prevent its fixation. For example, there are reports of mitochondrial sequences inserting into nuclear genes and being transcribed as chimeric mRNAs in some cancer cell lines, but this phenomenon appears to be rare and has not been found in normal cell lines or tissues [11] .
Indeed, recent surveys of the plant, yeast, and mammalian genetic databases revealed that all known nuclear copies of mtDNA-like sequences are located in noncoding regions [10, 12] . We therefore feel it is safe to assume that a 'clean' sequence obtained from RT-PCR represents the mitochondrial transcript, especially when dealing with RNA prepared from healthy tissues. Comparison of proboscis monkey cytochrome b DNA sequences generated by direct sequencing of PCR products using (a) cellular DNA and (b) cDNA as the target. The DNA and RNA were prepared from the same frozen tissue sample, and reactions were as described in Materials and methods. The same primers (L14916 and H15761) and conditions were used for each PCR reaction. The region shown corresponds to nucleotides 876-912 of the primate cytochrome b gene. The full-length sequences of the two genes have been submitted to GenBank (accession numbers U62663 and U62664). Phylogenetic tree of colobine Old World monkey cytochrome b genes, including the expressed mitochondrial and nuclear pseudogenes from proboscis monkey. Full-length mitochondrial cytochrome b genes were sequenced from Angolan colobus (Colobus angolensis) and Chinese golden monkey (Rhinopithecus roxellana) as described in Materials and methods; details and complete sequences will be presented elsewhere. The sequences from guereza colobus (GenBank U38264) and rhesus macaque (GenBank U38272) were previously published [4] . Weighted parsimony (transversions weighted five times transitions) [16] was used to construct this tree from the aligned full-length sequences (data not shown); maximum likelihood analysis [16] gives the same tree topology. This tree is rooted with the gene from rhesus (data not shown), a cercopithecine Old World monkey. Branch lengths are drawn in proportion to the number of weighted nucleotide substitutions reconstructed by parsimony along the lineages; these numbers are given above the lineages. Bootstrap values from 10 000 heuristic parsimony replications are shown in the ovals. Any method involving RNA has certain drawbacks, especially for field work. One such drawback is that because of the relative instability of RNA compared with DNA, obtaining suitable biological materials can be more difficult. Encouragingly, we have found that both mammalian blood and somewhat poorly preserved tissues (for example, samples frozen at -20°C for many years) can easily be used to obtain mRNA suitable for RT-PCR. As ribosomal RNAs are typically more abundant and stable than mRNAs, this method should work at least as well for identification of ribosomal genes. Thus, RT-PCR is likely to work for many other organisms and mitochondrial genes. A second drawback is that, because mitochondrial mRNAs include no 5′ or 3′ noncoding regions other than their poly(A) tails [6] , internal primers must be used for PCR amplification from cDNA; the same would be true for ribosomal genes, which are also processed from the primary mtDNA transcript [6] . If the entire coding region of a gene is needed, the sequence derived from the RT-PCR procedure can be used to differentiate among clones of larger segments, as we did here. For species with recently transferred nuclear pseudogenes, we find RT-PCR to be more trustworthy and less time-consuming than indirect methods of identification, even with these minor drawbacks. Consequently, methods such as RT-PCR that have the power to identify the expressed versions of mitochondrial genes should find widespread use in molecular evolutionary research.
Materials and methods
Whole cellular DNA from proboscis monkey (Nasalis larvatus) was extracted from frozen tissue [13] (obtained from O. Ryder, San Diego Zoological Gardens) or whole blood [14] ('Roland' obtained from G. Amato, New York Zoological Society). The full-length cytochrome b gene (1140 base pairs) was amplified using primers that anneal to flanking tRNAs, L14724 (5′-CGAGATCTGAAAAACCATCGTTG-3′) and H15915 (5′-AACTGCAGTCATCTCCGGTTTACAAGA-3′). Primers are named according to the complete human mitochondrial genome [6] , as previously described [15] .
RNA was extracted from frozen proboscis monkey tissue [13] and exhaustively treated with RNase-free DNase I (Gibco BRL) according to the manufacturer's instructions. RT-PCR reactions were carried out using the GeneAmp RNA-PCR kit (Perkin-Elmer) according to the manufacturer's protocols; cDNA was synthesized using the oligo d(T) 16 primer, and PCR reactions were performed using primers L14916 (5′-TCTAGCAATACACTACTCACC-3′) and H15761 (5′-GTTGGTTTACTGGTTGGCTTCC-3′), which anneal to internal sections of the cytochrome b gene. Negative controls using the DNase-treated RNA (prior to cDNA synthesis) as the PCR target were routinely performed to monitor the efficiency of the DNase treatment.
PCR products were purified using 30 000-MW filter cartridges (Millipore) or DynaBeads (Dynal), and were either sequenced directly or cloned (TA Cloning kit, Invitrogen) and sequenced with the Taq DyeDeoxy Terminator Cycle Sequencing kit and a 373A DNA Sequencer (Applied BioSystems). Primers to internal regions of the genes (data not shown) were designed to obtain the entire mitochondrial and nuclear sequences. DNA sequences were aligned and edited using the software packages SeqEd (Applied BioSystems) and GeneWorks (IntelliGenetics). Phylogenetic analyses were performed using a test version of PAUP* [16] .
